streptomycin, isoniazid (INH), ethambutol, rifampin and pyrazinamide were discovered as remedies for TB. Yet Mycobacterium tuberculosis (Mtb), the aetiological agent of TB, is still responsible for ∼1.7 million deaths each year. In the majority of affected persons, Mtb enters a latent or persistent phase during infection ( Fig. 1 ) associated with a state of drug unresponsiveness wherein the bacilli are not killed by currently available antimycobacterial agents (Refs 1, 2, 3). This situation, together with the emergence of multi-drug-resistant (MDR), extensively drug-resistant (XDR) and super XDR Mtb strains and the synergy with HIV infection, has created a frightening scenario. Studies show that malnutrition, tobacco smoking and indoor air pollution from solid fuel are the most important risk factors for TB worldwide, followed by HIV infection, diabetes and excessive alcohol intake ( Fig. 1 ) (Ref. 4) .This strongly suggests that improved nutrition and implementation of effective intervention strategies against tobacco smoke and indoor air pollution will have global socioeconomic and public health implications. Dormancy refers to a physiological state of the bacillus generally typified by the absence of replication and the presence of metabolic shutdown. Latency is a clinical state characterised by purified protein deriviative (PPD) skin test responsiveness coincident with a lack of clinical representation of disease. For a more in-depth discussion of these terms, see Refs 5, 6, 7. More than a hundred years of research has shown that Mtb is an obligate aerobe, but the phrase 'Mtb anaerobic respiration' is frequently, albeit incorrectly, used in the TB literature. Nonetheless, it has been demonstrated that Mtb can survive in vitro for more than a decade under apparently anaerobic conditions.
Redox reactions have a key role in aerobic and anaerobic respiration. Within aerobic microbes, reactive species or oxidants are more or less balanced by the presence of antioxidants (Ref. 8) . Mtb, similar to other bacterial species, has evolved pathways to monitor redox signals (such as O 2 , NO and CO) and the alterations in intra-and extracellular redox states (Refs 2, 9, 10). We will begin this review by describing the basics of bacterial redox homeostasis and will then summarise the best-characterised redox mechanisms used by mycobacteria to sense and maintain redox homeostasis. A better understanding of these mechanisms should open new avenues for the development of improved diagnostic tools and effective vaccines, and lead to the identification of new drug targets.
Maintaining the balance: oxidative stress and oxidative damage
Oxidative stress can be defined as a disturbance in the prooxidant-antioxidant balance in favour of the former, leading to potential injury. Oxidative damage is characterised as the biomolecular impairment caused by the attack of reactive species upon the constituents of living organisms (Ref. 8 ). Oxidation can be described as a gain in oxygen (C + O 2 → CO 2 ), a loss of hydrogen or a loss of electrons (Na → Na
, whereas reduction is defined as a loss of O 2 (CO 2 + C → 2CO), a gain in hydrogen (C + 2H 2 → CH 4 ) or a gain of electrons (O 2 + e -→ O 2
•-) (Ref. 8) . Redox homeostasis can be defined as a 'relatively stable state of equilibrium or a tendency towards such a state between the different but interdependent elements or groups of elements of an organism, population, or group' (Merriam-Webster). Redox homeostasis is important to effectively harness reducing power produced through the catabolism of various substrates and to utilise this power in the anabolism of cellular components such as DNA, lipids and proteins.
Why is Mtb redox balance important?
During the course of infection, Mtb is exposed to a range of microenvironments that induce novel, as yet uncharacterised, compensatory metabolic pathways in an attempt by the bacillus to maintain balanced oxidation-reduction. It can be argued that redox imbalance can trigger mechanisms in the bacillus, which result in persistence and dormancy. Host-generated gases, carbon sources and pathological conditions such as hypoxic granulomas have a profound effect on bacterial metabolism and therefore redox balance, which through unknown mechanisms allow Mtb to successfully subvert the immune system and cause disease. These in vivo environmental conditions that cause intracellular redox imbalance might also affect antimycobacterial drug efficacy. Mtb is transmitted by aerosol, and in 95% of cases, wherein the tubercle bacilli are inhaled, a primary infection is established. This is either cleared by the surge of the cell-mediated immunity or contained inside the granuloma in the form of latent TB, defined by no visible symptom of disease, but persistent, yet dormant, live bacilli within the host. The progress of TB can be stalled at this stage in some cases by isoniazid preventive therapy. This state might last for the lifespan of the infected individual, or progress to active TB by reactivation of the existing infection, with a lifetime risk of 5-10%. This risk of progression is exacerbated by immunecompromising factors such as HIV-AIDS, diabetes, indoor air pollution and tobacco smoke. Reactivation of TB is shown to occur at the upper and more oxygenated lobe of the lung, which can be cured by compliance with drug therapy. However, untreated or poorly treated TB might lead to the formation of tuberculous lesions in the lung. The development of cavities close to airway spaces allows shedding (e.g. coughing) of the bacilli through the airway, a stage of transmission. Subsequently, in a cyclic manner, the TB bacilli are transmitted to other individuals to establish primary infection. 
What is a free radical?
A free radical is any species capable of independent existence that contains one or more unpaired electrons (Ref. 8) Measurement of all linked redox couples within bacterial cells is impractical and probably impossible, because some couples remain unidentified.
Thus, quantification of a representative redox couple is used to infer changes in the redox environment. For example, in most bacteria (albeit not mycobacteria) the GSSG/2GSH couple represents the major intracellular redox buffer and can therefore be used to infer the status of the bacterial redox environment. Using this redox-couple-specific approach, the intracellular redox potential of Escherichia coli (E 0′ = −220 to −245 mV) (Refs 19, 20) has been determined, which augurs well with that of a recent noninvasive fluorescentbased assessment (E 0′ = −259 mV) (Ref. 19 ). The intracellular redox potential of mycobacteria has not yet been determined.
Free radicals and microbes
Endogenous oxidative stress arises from the univalent reduction of O 2 by various components of the electron transport chain (ETC) under normal aerobic conditions, resulting in the production of ROS such as superoxide radicals (O 2
•− ). The mechanism of O 2 -mediated reoxidation of many reduced electron carriers such as reduced flavins, Fe 2+ and NADH has been shown to occur by the formation of O 2
•− . Although O 2 •− is less reactive than HO
• and does not react with most ). This is particularly important because the intracellular microbial and host pH probably vary widely during the course of infection. The bottom of the list (more positive) represents the highly oxidising couples, whereas the top of the list (more negative) represents the highly reducing couples. Therefore, the hydroxyl radical (HO 
The superoxide anion generated as an unwanted byproduct of normal aerobic respiration can subsequently reduce the metal ion as shown in equation (4):
Reactions (3) and (4) 
The low reactivity of O 2 •− and H 2 O 2 allows them to diffuse from their site of production, which, on reaction with free iron or copper ions in the cellular pool, leads to the generation of HO
• . In E. coli, aerobic respiration leads to the generation of 0. Cyt c (Fe 
Superoxide generated in the above reaction can be converted to H 2 O 2 by SOD as described in equation (1) . A highly reactive hypochlorite ion (ClO -) could be generated by myeloperoxidase, which catalyses the oxidation of chlorine, resulting in the formation of ClO − according to the reaction below [equation (9) The central role that redox reactions have in maintaining metabolic processes makes them essential to mycobacterial persistence. Unfortunately, the mechanisms used by Mtb to maintain redox homeostasis during active disease, persistence and reactivation are poorly understood and warrant further investigation. It is unknown how Mtb simultaneously regulates metabolic and signalling events in endogenous cellular compartments (e.g. the reducing environment of the cytoplasm and the oxidised periplasmic space and outer cell surface). Likewise, it is poorly understood how the bacterium senses and responds to the diverse environments encountered in vivo, for example in different organs or in different regions of the same organ (e.g. the natural O 2 gradients within the lung).
Important physiological players: gases and ATP
Mtb resides within a hypoxic microenvironment in the lungs (Ref. 55 ). However, aerobic and anaerobic microenvironments almost certainly exist, which in theory can explain the capacity of dormant bacilli to survive chemotherapy. Aerobic respiratory systems produce energy that comes from the movement of electrons from oxidisable organic substrates to O 2 . Components of the ETC contain redox centres [redox-active prosthetic groups such as FMN, haem and iron-sulfur clusters (Fe-S)], with progressively greater affinities for electrons (from lower to higher standard reduction potentials). In general, these redox centres are very susceptible to host-generated ROS and RNS, which typically bind to or oxidise the prosthetic groups to affect protein activity, and therefore respiration. In agreement with the known mode of action of NO, which targets components of the respiratory chain, studies have shown that NO inhibits Mtb respiration. In fact, NO 6 ) and carbohydrates such as glucose (COS = 0). Subsequent β-oxidation of palmitate generates 106 units of ATP, whereas oxidation of glucose produces only 38 ATP molecules. The β-oxidation of fatty acids yields one NADH and one FADH 2 molecule for every acetyl-CoA generated. Clearly, the 'type' of in vivo carbon source (most likely a mixture) has a profound effect on the energetics of the microbial cell, for example the amount of NAD(P)H to be recycled to maintain redox balance.
Redox balance and excretion
During aerobic respiration, the electron donor (e.g. organic substrates such as glucose) undergoes net oxidation whereas the external electron acceptor (e.g. O 2 ) is reduced to form a balanced oxidation-reduction process. Thus, the oxidation of the substrate is balanced by the reduction of the electron acceptor. 
Another low-molecular-weight thiol produced by mycobacteria is ergothioneine (ERG ox /ERG red ; 
Thioredoxin (Trx)
Trx is a small redox protein with two redox-active Cys residues in its active site. It is a superior thiol reductant that binds proteins and reduces disulfide bonds by a thiol-exchange reaction through the two Cys residues to generate a disulfide or dithiol. This results in oxidised Trx [equation (10) 
The Dsb disulfide oxidoreductases
Disulfide bond formation is a two-electron oxidation event in which two Cys residues (2RSH) are covalently bonded (RS-SR). Two protons and two electrons are released during this process, as shown below:
Disulfide bond formation inside a cell is a rapid process, whereas in vitro conditions might require hours or days for the reaction to proceed. 
The environment of the lung
The human lung is the primary organ involved in uptake of atmospheric O 2 and is therefore naturally susceptible to oxidative damage because of its function. ROS production in the lung is further enhanced on exposure to exogenous oxidants such as tobacco smoke, diesel exhaust, ozone and nitrogen oxides. 
Hypoxia in the lung
It is widely accepted that oxygen depletion facilitates entry of Mtb into the nonreplicating persistent state. Within the lung, regional differences exist in ventilation and perfusion, and in the degree of blood oxygenation. In a seminal study using resected lung tissue, lesions classified as 'open' (oxygen rich) were found to contain actively growing, predominantly drugresistant bacteria, whereas bacilli isolated from 'closed' (oxygen poor) lesions showed delayed growth and were drug sensitive (Ref. 131 ). This observation suggests that Mtb drug resistance could be due to the physiological heterogeneity of the bacilli caused by regional differences in O 2 levels. In agreement with this is the recent evidence suggesting that granulomas can be caseous, non-necrotising or fibrotic, sometimes within the same individual (Ref. 55 (Fig. 2) .
The Mtb diet in the lung
The precise mechanism of nutrient acquisition by which Mtb senses nutrient availability and adjusts its metabolism in response to different carbon sources in vivo has not yet been elucidated. An additional level of complexity is added by the fact that nutrient availability and utilisation might change over the course of infection: for example, intracellular bacilli versus the late stages of infection where tissue has undergone caseation and liquefaction. Nonetheless, several studies suggest that host fatty acids might serve as the carbon and energy source in vivo (Refs 137, 138 During the course of infection, caseous (typically hypoxic), fibrotic and non-necrotic granulomas can develop. The containment of Mtb by these granulomas never operates in isolation, and can fail as a consequence of malnutrition, diabetes, indoor air pollution, tobacco smoke and HIV infection, which are major risk factors for TB. Thus, any condition that weakens the immune status (in particular, a decrease in the function of CD4 + T cells) of the host can lead to TB. Exogenous environmental pollutants, which consist largely of redoxactive molecules, not only affect the host immune response, but also target the infecting bacilli. Exposure to these environmental agents, production of host redox molecules such as O 2
•− , NO, ONOO − , etc. that are generated during the oxidative burst, and the pathological and physiological host responses induced on infection (e.g. hypoxic granuloma, dysregulated host lipid production) can collectively cause an imbalance in Mtb redox homeostasis, leading to oxidative stress or damage. Conversely, exogenous factors and the dysregulation of endogenous host redox factors might lead to the establishment of Mtb infection, maintaining a persistent state or allowing the bacillus to emerge from persistence. Dormant Mtb cells residing inside hypoxic granulomas are resistant to current antimycobacterial drugs and therefore have substantial implications on therapeutic intervention strategies. Moreover, the dynamic physiology and structure of the lung further complicate the situation because no two regions inside the lungs are similar in terms of their architecture and oxygen tension. This also makes it extremely difficult to study the progression of TB using animal models. Inside the lung, Mtb cells are exposed during transmission to a range of oxygen levels that varies from 150 to 180 mmHg in the upper respiratory tract to 1.9 mmHg within the granuloma, compared with pO 2 levels of healthy lungs (∼59 mmHg). In addition, host pH and the type of in vivo carbon source, along with its concentration, will also have an impact on Mtb redox homeostasis. Nonetheless, it is still not clear how exposure of Mtb to these exogenous and endogenous redox molecules affects Mtb physiology and redox homeostasis in vivo to favour disease. acetyl-CoA. Because the COS of fatty acids is highly reduced, substantial quantities of reducing equivalents [NAD(P)H] will be generated during β-oxidation, which must be dissipated to maintain intracellular equilibrium. This begs the question: does Mtb experience 'reductive stress' (Ref. 54) during its in vivo growth, and if so, how is that stress dissipated? The serendipitous discovery that Mtb NAD(P) 
Mtb redox-sensing mechanisms: model paradigms
Although Mtb contains 11 paired two-component signalling systems and ∼180 regulatory proteins, only a few proteins have been shown to directly react with NO, CO or O 2 , and the downstream effects of these interactions are mostly unexplored. Nonetheless, in recent years the DosR-S/T two-component haem sensor system and the intracellular WhiB Fe-S cluster family of proteins, particularly WhiB3 (Refs 9, 10), have emerged as model signalling pathways that specifically respond to these gases.
The DosR/S/T dormancy regulon
The DosR/S/T (Dos) dormancy system [first reported as the DevR/S system (Ref. A key finding was the discovery that DosS and DosT are haem proteins that can be oxidised by O 2 or can directly bind NO and/or O 2 through their haem irons (Refs 9, 149, 150). The discovery that CO directly binds the haem irons of DosS and DosT, induces the Dos dormancy regulon (Refs 144, 146), and is produced at the site of Mtb infection has profound implications for the importance of CO generated by host haem oxygenase I (HO-1) in Mtb pathogenesis. A role for environmental CO in TB was described as early as 1923 (Ref. 151 ) and has been recently discussed in more detail (Ref. 152) . The induction of the identical genetic expression profile in response to three diatomic gases (O 2 , NO and CO) is an unparalleled finding in bacteriology, and suggests that Mtb has evolved an exquisite sensory system to allow the bacilli to continuously monitor and counter the effects of host NO, CO and O 2 levels during the course of infection (Fig. 3) .
The survival of Mtb under hypoxic conditions depends on many factors in general and oxidative phosphorylation in particular. By contrast, it was shown that the NAD The signal is relayed to DosR, which leads to the induction of the 48-member Dos dormancy regulon that includes genes involved in energy production, dissipating reducing equivalents and assimilation of storage lipids, which is thought to facilitate mycobacterial persistence. WhiB3 functions as a regulator of cellular metabolism, which responds to O 2 and NO through its Fe-S cluster and integrates it with intermediary metabolic pathways. WhiB3 is an intracellular redox regulator that dissipates reductive stress generated by utilisation of host fatty acids through β-oxidation. Through the transcriptional activation of genes involved in lipid anabolism, WhiB3 is thought to direct reducing equivalents into the production of cell wall components and virulence lipids such as sulfolipids, phthiocerol dimycocerosates, polyacyltrehaloses and DAT. Under certain conditions, WhiB3 regulates the production and accumulation of triacylglycerol, indicating a link with the Dos dormancy signalling pathway. (Fig. 3) . What seems to be emerging is a link between Mtb virulence lipid production and the response to oxidoreductive stress (Ref. 10). Because TAG production, which is under conditional WhiB3 control, is also induced on exposure to NO, CO and hypoxia through the Dos dormancy system (Refs 147, 164, 165) , these data establish a novel link between an intracellular (WhiB3) and extracellular (Dos) signalling pathway.
WhiB3 and redox homeostasis

Future challenges and conclusions
Redox reactions in the microbial cell have key roles in intracellular and extracellular signalling, DNA, RNA and protein synthesis, energy production and metabolic homeostasis. However, to date, we lack knowledge on the intracellular Mtb redox environment, the identity of all main redox couples and buffers, the behaviour of these redox couples under different environmental conditions, and the mechanisms of sustained redox homeostasis in Mtb. In particular, a fundamental challenge in the oxidative stress biology of Mtb is to understand how carbonyl, nitrosative and oxidative stress modulate Mtb pathogenesis. Using genomewide tools, it is important to refine our understanding of the Mtb 'redoxome'. A fundamentally important subject to be addressed is the extent of Mtb respiration within a hypoxic granuloma. Do fully anaerobic granulomas exist? Identification of the terminal electron acceptors used, and determination of the mechanisms of NAD(P) + regeneration used under hypoxic (and perhaps anaerobic) conditions are crucial to understanding TB pathogenesis. An attractive hypothesis is that Mtb resides within a spectrum of aerobic, hypoxic and anaerobic microenvironments in the lungs (Ref. 55) , which in theory can explain the capacity of dormant bacilli to survive chemotherapy. Other important areas to study include the mechanisms of how pO 2 levels are maintained in these microenvironments and the independent or combined roles of NO, CO and O 2 in Mtb persistence.
Although it is likely that the preferred in vivo carbon source for Mtb includes fatty acids or cholesterol, conclusive experimental evidence in vivo is still lacking. The use of labelled fatty acids in in vivo studies should allow us to identify metabolic pathways that are specifically geared towards in vivo growth and survival. Similar studies will also shed light on Mtb reductive stress (Ref. 54) in vivo, and whether it impacts the course of human TB. Furthermore, the role of H 2 as an energy source has been reported for other infectious agents (Ref. 168) , but is an unexplored area for Mtb pathogenesis. Interestingly, because the oxidation of H 2 generates protons, some bacteria use it to dispose of excess reducing equivalents (Ref. 169) . Study of the impact of complex host risk factors for TB such as tobacco smoke, indoor air pollution, malnutrition and diabetes on the bacilli by exploiting metabolomics, proteomics and microarray analyses will have broad public health and socioeconomic implications.
In conclusion, a fundamental challenge faced by investigators is the translation of their combined research findings into novel in vitro and in vivo experimental tools and ultimately into successful TB intervention and control strategies. This will dictate the success of ongoing and future efforts to combat the unrelenting threat of TB. This article demonstrates that haem oxygenase (HO-1)-derived CO produced by macrophages is primarily sensed by DosS, and to a lesser extent by DosT, to induce the Mtb Dos dormancy program. The identification of host-generated CO as a third in vitro dormancy signal is a major contribution towards understanding the mechanism of signal sensing and represents a hitherto unexplored area of mycobacterial research. 
